Summary The perforated patch technique was used to study changes in membrane potential and wholecell currents in single isolated rat pancreatic betacells during stimulation with glucose or a -ketoisocaproate. Increasing the glucose concentration from 4 to 20 mmol/l, or addition of 15 mmol/l a -ketoisocaproate, caused depolarization and, in most cases, initiation of action potentials. Under voltage-clamp conditions close to a potassium equilibrium potential (E K ) (-60 to -70 mV) these effects were accompanied by the appearance of transient inward currents. These transient currents resembled those elicited during cell swelling in response to a 10 % hypotonic bath solution, a manoeuvre which also caused beta-cell depolarization and electrical activity. Tolbutamide (0.2 mmol/l), in the absence of glucose depolarized beta-cells but did not induce transient inward currents. Nutrient-induced electrical activity and inward currents were abolished by the anion channel inhibitors 4,4′-diisothiocyanatostilbene-2,2′-disulphonic acid and 5-nitro-2-(3-phenylpropylamino) benzoic acid, compounds which also inhibited glucose-induced insulin release. It is concluded that nutrient secretagogues induce transient inward currents in isolated rat beta-cells, possibly by activating a volume-sensitive anion conductance. These inward currents could enhance the intensity of electrical, and hence secretory, activity in the beta-cell during nutrient stimulation. [Diabetologia (1997) 40: [1] [2] [3] [4] [5] [6] Keywords Pancreatic beta-cell, glucose, insulin release, electrical activity, whole cell current, anion channel inhibitors. currents in mouse beta-cells suggest that changes in activity of these channels are unlikely to regulate the intensity of electrical activity [5] . Thus, it is probable that at least one other conductance exists which is responsible for modulating beta-cell electrical activity within the effective range of glucose concentrations [9] .
The present study utilized the 'perforated patch' technique to investigate whole cell currents in single rat beta-cells. Upon exposure to stimulatory concentrations of the nutrient stimuli glucose or a -ketoisocaproate, transient inward currents were observed. It is suggested that these currents could be carried by anion channels, which may play an important role in coupling nutrient metabolism to electrical activity in the beta-cell.
Materials and methods
Rat pancreatic islets were prepared from male or female rats (weighing 350-450 g) by collagenase digestion and dispersed into single cells and cell aggregates by incubating islets for 5 min in Ca 2 + -free medium supplemented with 0.5 mmol/l EGTA, followed by centrifugation and resuspension in RPMI medium. The cells were subsequently plated out in small (diameter 30 mm) polystyrene dishes, allowed to adhere and used within 3-9 days of culture, the period during which the cells were found to be optimally responsive to nutrient stimuli. beta-cells were identified by their larger size and granular appearance combined with their electrical response to glucose or a -ketoisocaproate. Patch-clamp recording was performed on single isolated beta-cells adhering to culture dishes, forming a bath chamber with an approximate volume of 200 m l. Single cells were used in order to eliminate possible 'contaminating' currents (e. g. action currents) arising from adjacent, electrically coupled cells. The cells were continuously superfused at a rate of 4 ml/min with a solution consisting of: (in mmol/l) 135 NaCl, 5 KCl, 1.2 MgCl 2 , 1 NaH 2 PO 4 , 1.2 CaCl 2 , 10 4-(2-hydroxyethyl)-1-piperazineethanesulphonic acid (HEPES) (pH 7.35) and 4 glucose. In experiments designed to cause cell swelling, 15 mmol/l NaCl was replaced by 30 mmol/l mannitol and a 10 % hypotonic solution obtained by withdrawal of mannitol. Recordings of membrane potential and whole cell currents in beta-cells were performed using the 'perforated patch' configuration of the patch-clamp technique [10] . The pipette solution contained: (in mmol/l) 60 K 2 SO 4 , 20 KCl, 10 NaCl, 1 MgCl 2 , 10 HEPES (pH 7.2) supplemented with amphotericin B (240 m g/ml). Patch pipettes were pulled from soda glass and tip-and back-filled with the amphotericin-containing solution. This procedure greatly accelerated the perforation process which was monitored by nulling the cell capacitance and by the appearance of a membrane potential of -50 to -65mV (in 4 mmol/l glucose). Access resistance was 8-20 M W whilst whole cell capacitance was 9.4 ± 0.4 pF (n = 30). Although this capacitance value is greater than that reported for single mouse beta-cells (5-7 pF; [5] ), it has been previously documented that rat beta-cells can be significantly larger, particularly under the medium-term culture conditions used in the present study [11] . Voltage and current signals were recorded using a List EPC-7 patch-clamp amplifier (List Electronic, Darmstadt, Germany) and filtered at 3 kHz. All experiments were performed at 28-31°C.
Insulin secretion was measured by radioimmunoassay, using groups of 10 islets incubated for 90 min at 37°C in 1 ml incubation medium (as above).
All biochemicals were obtained from the Sigma Chemical Co., Poole, Dorset, UK (unless otherwise stated). The 5-nitro-2-(3-phenylpropylamino) benzoic acid (NPPB) was a generous gift from Professor R. Greger, University of Freiburg, Germany. Collagenase (Worthington) was obtained from Cambridge Biosciences, Cambridge, UK.
Statistical analysis
Statistical significance was ascribed using Student's t-test.
Results
An increase in glucose concentration from 4 to 20 mmol/l caused depolarization of rat beta-cells and, in most cases, led to the generation of action potentials ( Figs. 1 and 2 ). In a minority of cases, glucose induced irregular oscillations in membrane potential in the absence of clear action potentials. (Fig. 2B) . In a minority of cases a combination of these two patterns was apparent. Of the 67 islet cells examined, 54 responded to glucose in terms of depolarization and induction of transient inward currents. Of the 13 cells which did not respond to glucose, 5 of 6 depolarized upon application of tolbutamide (100 m mol/l), although it is uncertain whether this represents true beta-cell heterogeneity or a degree of damage to some cells. As shown in Figure 3 , addition of a -ketoisocaproate induced electrical activity and transient inward currents in a manner essentially indistinguishable from glucose (15 of 18 cells). The pattern of electrical activity and inward currents elicited by a -ketoisocaproate persisted even when all the glucose was removed from the medium (3 of 3 cells, results not shown). Again, both patterns of transient current were apparent with this stimulus. The amplitude of the inward currents was also found to vary from one cell to another, usually within the range 10-60 pA, giving an approximate whole-cell conductance of 170-1000 pS.
In order to establish whether the induction of transient inward currents was a specific response to nutrient stimuli, beta-cells were exposed to the non-nutrient tolbutamide. In the absence of glucose, the sulphonylurea caused a marked depolarization and electrical activity but no transient current activity (Fig. 4) . Neither membrane potential nor whole-cell current were affected by the subsequent addition of 4 mmol/l glucose (not shown). Thus, the inward currents were not merely a consequence of beta-cell depolarization and electrical activity.
Maximum current amplitudes were measured at negative holding potentials (-60 to -70 mV); close to the predicted value for potassium equilibrium potential (E K ) (approximately -80mV). Thus, it is unlikely that these transient currents arise from glucose-induced changes in K + permeability. Attempts were made to measure glucose-induced transient currents in the absence of K + conductances by replacing K 2 SO 4 in the pipette solution with Cs 2 SO 4 . However, transient currents in response to glucose or a -ketoisocaproate were small under such conditions and were only observed in 6 of 13 cells. It is possible that the metabolism of these nutrients in the beta-cell is perturbed in the presence of Cs + . For example, at least one glycolytic enzyme is reported to be K + -dependent [12] .
Nutrient-induced transient currents were apparent at -60 to -70 mV, potentials at which voltage-sensitive Ca 2 + channels are inactive [1] . It is therefore improbable that these currents are due to activation of a Ca 2 + conductance. Rat beta-cells are also reported to have Na + channels, although these would also be inactive at the negative potentials employed here [13] .
The exposure of beta-cells to a 10 % hypotonic solution was also found to cause depolarization and electrical activity accompanied by a similar pattern of transient inward currents to that observed with nutrient stimuli (Fig. 5) . This current pattern contrasts with the more sustained inward current observed upon exposure to a larger (30 %) hypotonic shock [14] and suggests that transient currents could be carried by a swelling-activated anion conductance, recently described in insulin-secreting cells [14] [15] [16] . In order to further investigate this possibility, nutrientstimulated beta-cells were exposed to two inhibitors of this conductance, 4,4′-diisothiocyanatostilbene-2,2′-disulphonic acid (DIDS, 100 m mol/l) and NPPB, 50 m mol/l [15, 17] . As shown in Figure 6 , both compounds caused repolarization of beta-cells and abolished the transient inward currents. The stimulatory effects of a -ketoisocaproate were similarly inhibited by these compounds (data not shown). The inhibitory effects of these blockers were partly reversible, although in cells displaying action potentials, the latter were reduced or abolished following exposure to either compound (e. g. Fig. 6A ). Both DIDS and NPPB, at the concentrations which inhibited electrical activity, were found to inhibit glucose-induced insulin release, although basal secretion was not significantly affected (Table 1) .
Discussion
The aim of the present study was to investigate changes in membrane potential and whole-cell current in metabolically intact single rat beta-cells upon raising the glucose concentration from a physiologically 'resting', or sub-threshold, level to a near-maximal concentration. Most studies of this kind [5, 18, 19] have investigated the effects of adding glucose to cells previously incubated in its absence. It is likely that cells incubated in the presence of sub-threshold levels of glucose differ metabolically, and perhaps functionally, from cells deprived of the sugar. For example, it would be predicted that K ATP channel activity would be reduced by up to 90 % at 4 mmol/l glucose compared to 50 % at zero glucose [1, 20] . This could account for the slightly less negative 'resting' membrane potential of -50 to -65 mV in the present [5, 18, 19] . Nevertheless, in the vast majority of cells studied, raising the glucose concentration from 4 to 20 mmol/l, or the addition of 15 mmol/l a -ketoisocaproate, caused a further depolarization and, most frequently, the appearance of action potentials. These action potentials invariably consisted of irregular or continuous bursts, as described previously in isolated rat beta-cells [19] . The 'slow wave' bursting pattern observed in intact mouse islets [1, 3, 4] and also reported using small clusters and even single mouse beta-cells [5] was not observed in the present study, probably because of the near-maximal concentration of nutrient used and possible species differences.
The principal finding of the present study, which has not been previously reported, was that stimulatory concentrations of glucose or a -ketoisocaproate induced transient inward currents which were apparent at negative holding potentials close to E K . The ionic nature of these currents is uncertain at present. Investigation of the identity of the charge-carrying ion(s) cannot be achieved unambiguously using the perforated patch recording technique since the intracellular ionic composition is unknown and cannot be precisely controlled. In addition, it is likely that altering the composition of the extracellular medium will affect that of the cytosol in a manner not readily predictable. A further problem would be measuring a relatively small conductance against the background of the very high K + permeability characteristic of beta-cells. On the other hand, the conventional whole-cell recording technique, which does allow control of the intracellular medium, does not permit studies of the effects of nutrient stimuli, due to washout of the metabolic 'machinery' of the cell. However, as discussed above, it is unlikely that these inward currents are the result of changes in K + , Ca 2 + or Na + permeability of the beta-cell membrane. The finding that the nutrient-induced transient inward currents closely resembled currents elicited during hypotonically induced cell swelling raises the possibility that these currents arise from activation of a volume-sensitive conductance, possibly the anion conductance recently described in beta-cells [14] [15] [16] . This possibility is further supported by the finding that the effects of nutrients on electrical activity and whole cell current were inhibited by DIDS and NPPB, inhibitors of this conductance [15, 17] , although the selectivity of these compounds is at present uncertain. In view of this suggestion, it is of interest that glucose has been reported to stimulate the efflux of 36 
Cl
-from prelabelled islets in a manner sensitive to anion channel inhibition [21] . Activation of a volume-sensitive Cl -conductance would be predicted to generate an inward current, since E Cl has been reported to be positive to the membrane potential [21] . The figures in parentheses refer to the number of separate determinations. Statistical significance was ascribed using Student's unpaired t-test. NS, Not significant The mechanism by which nutrients might activate a volume-sensitive conductance is unknown. However, it has been reported that glucose causes betacell swelling [22] , a finding recently confirmed in this laboratory [Miley et al. unpublished data] . An additional possibility is that the formation of anionic metabolites of glucose and a -ketoisocaproate, such as lactate, bicarbonate and acetoacetate, causes an increased outward electrochemical anion gradient, and the efflux of these species via an anion conductance could also generate an inward current. Indeed, lactate-induced electrical activity in insulin-secreting cells is also accompanied by inward transient currents resembling those reported in the present study [23] .
The induction of an inward current during glucose stimulation could contribute to the increased intensity of beta-cell electrical activity. The finding that the anion channel blockers DIDS and NPPB had a marked inhibitory effect on glucose-induced insulin release implies that the generation of these inward transient currents could also be an important determinant in the secretory response to nutrients, although it should be borne in mind that the selectivity of these blockers remains to be established.
In summary, the present study describes transient inward currents in rat pancreatic beta-cells induced by stimulatory concentrations of glucose and a -ketoisocaproate. It is suggested that these currents could be carried by a volume-sensitive anion conductance and could play a role in enhanced electrical and secretory activity during glucose stimulation.
